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PREVACE

This veport documents research inttiated by The Acrospace
Corporation's Soace Defense Directorate of the Technolopy Division and
carricd out by the Vehicle Enpincering Division, 1t should be clearly
cimphasized that this report is not intended as a general reference for radi-
ative and optical propertics of taaterials. Rather, it represeats a compila-
tion ot unlv sclected materials and praperties orpanized solely for use as a

preliminary puide in a specific A study wherein one of the puipases is to

cevaluate signatures of sclected satellites.
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I. INTRODUCTION

Inorder to predict the inifrared signature (. ¢, , unigue cimission
characteristics) of a pardoeular spacecraft it is necessary to obtain certain
basic propeeties of external spacecraft surfaces. Al satellite materials
exhibit reflectance and emittance charadcteristios that can make the vehidle
detectable by coertain sensors operating in a particular spectral region. In
the visible through near-intrared spectrum, the detectability of a sarellite
is a function of the dircction and intensity of the solar energy, carth albedo,
and/or artiricial illumination energy reflected by the external surface of the
vehicle,  Simsilarly, in the thermal or far infrarved regions o!f interest in this

study, the radiatcd enerpy vrimarily determines the deteaabitity

Detectability is based on a geomeiric deseription of the satellite and a
peneral description of the thermophysical propertics o1 the vehlele surfaces
topgether with the baste orbital parameters and internal heat generation rates.,
For an accurate representation of infrared signatures, the spect ral and
dircetional characterization of the surface roflectance or emittance should
Le included. The determination 5 these properties for a scelected proup of

materials and coatings was be primary purposce ot this study.

For lurther discussion of the theory of radiative propertics, the reader

is dirceted to the sources listed in the Bibliography,

Preeding page blank




1. ODPTICAL AND THERMAL RADIATIVE DPROPLUERTIES

I, order that presentation of data Le as clear as possible, the
properties uiilized, their corresponding definitions and symbols ate sum

marized here.

Fmittance () Ratio of the radiant cmission per unit area of
the specimen to that emitted by a blackbody
radiator at the same temperature.,

Reflectance (p) Ratio of reflected radiant flux to incident flux,
a function of radiation wavelength and surtface
fecmperature,

Absorptance (a) Ratio of the absorbed radiant flux to the inci-
dent flux, a function of radiation wavele apth and
surface temperature.

The following terminolopy is uscd to qualify these basic praperties in

termis of the wevelength,

Speciral, A Function of waveleneth usually in a narrow
band of wavelenpths (also referred to as
monochromatic),

Total, T Ordinerily refers to emittance onlv, The tem -
peratare of the specimien should be specitied
since the total cmittance varies with
temperature,

Inteprated Relative to some specificd wavelenpgth distribu-
tion or specified band,

Solar, s Having the wavelength distribution oi o1 appirox-
imating the sun. When usced in conjunction with
a the spectral absorptane. of the specimen has
been integrated over the wavelength disiribution
of the sun.

In addition, a number of geometric subscripts or qualifiers associated

with the incident, reflected or emitted fluxes are also wilized as follows:

Normal, N Conditions for viewing through an angle 0 that
is essentially normal to the specimen,

Preceding page blank
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Angularv (dirvestional) Conditions for viewing at somwe nngle ¢,

tlermtspherieal, T Coenditions for incidence or viewing oveor o
hemisphetical region (iLe., 20 cteradians),

or aralysis of tafrared signatures. the angular (dircctional) and spec-
tral emittarce 15 of primary intercst. Detailed mittonee data on all of the
materials of incerest are Timited. However, the emiittance of a matevial sur-
face can bo related to oilier aptical propertics which, 2re more casily obtained
or motre readily availeLle. Withouw! going inta the details of the preof f1om
Kirchoffs Taw, it follows that {o1 an opaque material in equilibriun watt its

cnvironmeoent:

(%, 1,0) ~a(®,1,0)

G\, T, e 1 - e, T, )

In other words if the nropoeriios are cvaluated at the same temperaturas,
wavelengths and angles ot iacidence or viewing, the emittaace is equal to the
absorptance and the cmittance is cqual o one minus th” reflectance, Thus,
under properly controlled conditicns, measuvrcinent of the angular (direcetional)
spectral reflectance is equivalent te. measuring the angular (directiona,) spec -
tral emittance, The resulting cccuracy from this assun-plion is adequ e for

mos! engincering applicatinres and is considerad satisfuctory for this s—dy.

The values given for total emuttance (cither normal or hemispherical)
for the varioas materials and coatings in this veport are gencrally defined
for some nonsinal temperature: cither at room temperature, at 7071, or some
other syecific temperature, Iepending on the sc arce and conditions under which
the dain wera obtained. Lased on the spectral emittance dats given for these
materials, the total eraitiance con be computed for any other temnevature de -
sired by calculating the blackbo ly charvacteristics s given by Planck's lLaw.
The actual power eniitied or absorbed is obtained by taking the product of the

blackbody radiant intencity and the emitiance at cach wavelengtih., The total

-10-



cmiltaace is then deterinined by integrating this nraduct over all wavelengths

and dividing by the blackbody cnespy over the so e wavelengths,

Many experimontal te-hiniques tor mcasuring the thermal radiatiee
properties of materials have been desceribied 10 the literature and no attemipt
wiil be made to discuss the methods or instruments in detatl here, It will be
noted anly that the methods fall into two penersil categories, radimmetric and
calorimetric, In calorimetric technigues the radiant flux absorbed or cmvitted
15 cvaluated in terms of heat lost ar gained by the sample. Inoradiometric
technigues, the radian® flux is measured directly or compared with a cah -

bLrated refcrence sample.

Calorimetric methods generally tend to be relatively simple but of
Jower precision, while radiometric methads reqaire mmore elaborate equip -
ment and are capablie of higher precision but subicct to sysrematic errars
that can be difficulr to evaluate., Calorimetric mcthods are used ro measure
absoryptance and emittarce (usually the total hemispherical cmittarcel and are

ot ~uttable for divect theasurcment of rofloectance.,

Radiometric methods measure the emitted or incide nee radioant Ylux
direotly as a furction of angle from the normal and/or wavelengrh Thus,

absorptavce, spe-~tral aand directional reflectance and emittance propertis,

\

can Le determiined.  In the case o1 cvalunting solar absarptance (7
A

‘he
spuectre]l rellectance is integrated 23 an energy weigmed oasis using the selar
spectral distribution su~h ag shown in I'pures tradand (B frony ets, 1 and 2,

respectively,

When the emittance is the property of interest, measurernenpts are

usualiy taken at near -normal incidence and henee the value of the normal

Johnsan, F. 5., "The Solar Consrant,” J. »f NMeteorolupgy, Vol, 11, Decern-
ber 1354,

'ZStark, R., "Thermal Testing of Spacecrart,” Report No. TOR -0172(2441-01) 4,
The Acrospace Corn., Il Segundo, Calif., September 1971,
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cmittance (eN) is obtained cither on a spectral or total basis. Although the
directional emittance can al=o be obrained, it is not ordinavily mcasured in

the longer (IR} wavelengths,

In these cases the normal emittance (cN) is used to estimalte the hemi-
spherical emittance ((”) based on ratios of Cy 1o € that have been estab-
lished for similar materials either on an experimental or analytical basis,
Given €y and LINT together with various optical constants of the material,
dircctional emittanca can then be computed (although gquite complex) from
electromagnetic theory (Ref. 3). These derivations ave quite lenpthy and
thus are not included in this report. However, a summary of the significant
cequations are provided in the appendix. The interested reader is directed

further to specific texts oa radiative heat transfer cited in the Bibliography,

In some applications, a rigorous analytical treatment of the radiative
energy interchange between surfaces requires wnowledge of the reflectance
distribution function which provides the flux reflected in a particular direc-
tion as meagured by angles 0 and ¢ relative to the flux incident from some

fixed direction. (See sketch)

NORMAL
OBSERVER AI SOURCE

’*6' /

Bidirectional Angles for an Arca Element

3Herring, R. G. and T. F. Smith, "Surface Radiation Praperties from Klec-
tromagnetic Theory," Int. J. Heat and Masgs Transfer, Vol. 11, pp 1567-71,
1968,
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This reflectence is termed the bidirectional reflectance. In the casc
of signatures in the visible and near infrarcd, the sclar cnerpy reflected from
an olijject in space is of primary interest and bidirectional reflectance data is

obviously important.

In contrast, in the case of the thermal oxr far-infrared signatures of
interest for this study, self-emission of external surfaces of oabjects pro-
vides the predominate source of energy and bidirectional reflectance data
is of less significance. Also, as the wavelength increases, the magnitude of
the surface roughness dimensions become smaller relative fo the wavelength

dimensions and the bidirectional reflectance effect is diminished,

Another factor is the complexity and quantity of dati reguired for appli-
cation of bidirectional reflectance. If the bidirectional retlectance of a sur -
face is mapped at reasonably close-spaced angular increments, a rather large
set of numbers is required. For example, in a case where polar increments
are set at 10° (0 and 0') and the azimuth increments (¢) are set at 20°, there
are 1458 (i.e., 9 X 9 X 18) individual reflectances required for just one wive -
length. As the wavelength regions or bands of interest are increased, the

number of data points for cach surface of interest becomes substantial.

Therefore, due to these factors and the relatively large number of

matecrials involved, the inclusion oy hidirectional reflectance data was con-

sidered to be beyond the scope of this preliminary study.




1II. OPTICAIL AND THERMAIL RADIATIVE PROPLRIIES DATA

Ideal'y, the rmal control surfaces can be dividedinto four basic classes:
solar absorbers, solar reflectors, flat absorbers and flat reflectors, as
illustrated in Figure 2 from Ref. 1. The solar absorbers are primarily
polished metals which exhibit a high @, and a relatively low « in the longer
IR wavelengths. ¥lat absorbers such as black paincs gpenerally exhibit a
high @ over both the solar and IR wavelengths., This characteristic is also

typical of solar cells,

Flat reflectors which exhibit a relatively flat bhut moderate @ over the
wavelength range through the TR ~re typical of aluminum paints. Solar re-
flectcrs with a low a and a high ¢ in the Il region are typical of specifically
devcloped white paints and second surface mirrors which are also referred
to as opticnl selar reflectors {OSR's). The OSKR’'s consist o vapor deposited
silver, aluminum or gold overlaid with clear transgarent layers of fused
silica, Teflon, Mylar, e¢tc. The transparent layer allows transmission of
solar encrgy to the metal film where a large percentage of it is reflected,
Thie transparent layer is, however, relatively opague in the IR wavelengths,
and therefore, exhibits a high emittance. Thus, the OSR composite reflects
most of the solar energy while ait the same time providing an efficient radi-

ator to maximize heat rejection capability.

In a space environment, the white pairts exhibit the least stability
{i.e., they cxhibit an increase in afs) while the second surface mirrors tend
to be the most stable. (Quantitative data are presented in Paragraphs I11-B
and III-D.} The significance of this is that with white paint the equilibrium
temperature of a spacecraft surface increases with time on orbit. A vari-

ation of the conventional second surface mirror involves anodized aluminum,

4Broad\xay, N. J., "Radiation Effects Ilandbook, Section 2, Thermal Control
Coatings,'" NASA-CR-1786, Preparcd by Battelle Memorial institute,
Columbus, Ohio, Junec 1971,
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wheremn a transparent aluminum oxide film is chemically tormed on a bright
polished aluminum subsgtrate, The stability of this surface tends to bhe some -
what better than most of the white paints (quantitative data are presented in

Paragraph II1-C),

For the purpose of presentation, data are grouped into the following
material categories: metallic surfaces, coatings of white, black, or alumi-

num pigments, anodized aluminum, sccond surface mirrors and solar cells,

A, METALILIC SURFACES

The normal (i.e., 90 degrees from the surface) spectral reflectance
of various aluminum alloy 6061 specimens is shown in Figure 3, based on
Ref. 5. The strong influence of the surface characteristics of the specimens
on reflectance is clearly visible. A second source of data (Ref, 6) is pre-
sented in Figure 4 for 6061 aluminum plate with a surface candition defined
as unpolished as received from the supplier. For this specimen, a = 0.37
and T 0.042 at room temperature. These will be the assuined char-

acteristice for 6061_Al unnolished surfaces.

Normal spectral reflectance for two commonly used titanium alloys
(6A1-4V and 5A1-2.5 Sn) are presented in Figure 5. Data from Re’, 5 for
6A1-4V did not specify wavelengths beyond four microns, thus the curves
shown for this alloy for wavelengths beyond four microns has been estirnated
to be the same as that shown for the 5A1-2,55n alloy since the difference in
reflectance values between specimens of titanium at the longer wavelengths
tend to be relatively small. The unpolished 6A1-4V specimen is selected as

the baseline titauium alloy with properties of a = 0.57, ¢,, - 0.18 from

H

5Touloukian, Y. S., et al,"Thermophysical Properties of Matter, Thermal
Radiative Properties, ' Thermophysical Properties Rescarch Center, Purdue
Unive~sity, 1972,

Thermophysical Properties Measurement, Unpublished Data, TRW, Redonde
Beach, California.
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Ref. 5. and is assumed to have the same reflectance properties beyond four

microns as that shown for the 5A1-2.55n specimen, from Ref, 7.

No angular (directional) reflectance or emittance data were available
for ecither of the specific aluminum or titanium alloys, However, represen-
tative data for several metals are presented in Figure & (Ref, 8), In gen-
eral, all mictals follow the same form as shown in Figure 6;i.¢,, ¢« remains
quite uniform at angles less than 407 and then increases sharply at larger
angular inclinations. Although the experimental data stown were not carried
out to 907, the direcctional emittance would approach zero. In general, the per-
centage increase in € with increasing angle is more pronounced when the value
of € is low. This is opposite to that for nonconductors (e.g., glass, paints,
plastics, etc.), wherein the emittance normally is quite uniform up to about

50° and then decreases with large angles of 0 away from the normal,
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Figure 6. Directional Emittance Variation for Several Metals (Ref, 8)

7Cubaref{, G. G.,"Thermzl Radiation Properties Survey,"2nd Ed., Toney-
well Research Center, Minneapolis - Honeywell Regulator Co. , Minneapolis,
Minn., 1960.

8Schmidc, E. and Eckert, E,, "Uber die Richtungsverteilung der Warme -
strahlung," Forsch. Gebeite Ingenicorwesen, Vol. 6, 1935,




Based on Figure 6, the dircectional emittance for aluminum at angles
less than 40° corresponds reasonably well with the e, and €, values defined
for the 6061 specimen in Figure 4. Thus, as an approximation, it can be
assumed that the directional emittance variation given for Al on Pigure 6 can
be applied to the normal spectral emittance values given on Figure 4. On
this bLasis, the ratio of (U/(N and the corresponding value of €g can be esti-

mated as shown in Table 1.

For metal surfaces, the ratio of (II/(N is generally greater than 1.0,
Although this ratio can be calculated from clectromagnetic theory, an empir-
jcal relation is given in Figure 7 based on measured data as a function of the
normal emittance. Although no directional emittance data were found for the

specific titanium alloy of interest (i.c., 6Al1-4V), directional spectral data

Table i. Calculated Directional Emittance for 6061 Aluminum

Angle from ‘9 /N ¢ for 6061 At
Normal (0) (from Figure 6) (from Figure €¢) (e = 0.033)%
0 0.04 ((N) 1.0 0.033
20 0.04 1.0 0.033
40 0.0414 1.02 0.034
<0 0.044 1.10 0.036
60 0.050 1.25 0.041
70 0.065 1.62 0.054
80 0.105 2.62 0.086

90 0.00 0,00 0.00

*
Based on (H/(N = 1,28 for metallic surfaces and ¢y = 0.042,
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for pure titanium arc illustrated in Figure 8 (Ref. 9), At very short
wavelengths it can be scen that the directional spectral emissivity actually
decreases with increasing angle 0 which is somiewhat contrary to the normal
behavior of metals as predicted by electromagnetic theory. lowever, for
the region of interest, i.e., the longer IR wavelengths, the emissivity does
increase wiih increasing . The directional emittance for Ti-6A1-4V can be

estimated utilizing the combhined data presented in Figures 5, 7, and 8.

9F,‘dwards, D. K., and Ivan Catton, '""Radiation Characteristics of Rough
and Oxidized Mectals,” Advances in Thermophysical Propertics at Extreme
Temperature and Pressures, ASME, 1965, pp. 186-199.
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Beryllium is used for a wide variety of purposes including heat shields,
optical mirrors and in nuclear reactor technology as a neutron reflector sur-
face. Spectral reflectance data from Ref. 5 ave presemed in Figure 9 {_r
an cxtruded sample of beryllium. The total normal emittance ((N) for this
sample ig computed as 0.14 at 500°F, The corresponding valuce for €, is
estimated as 0.17 utilizing Figure 7 as a basis. The @ for beryllium is

assumed to be 0,70, from Ref. 10,

’

OGaumer, R. E. and 1.. A, McKeder, "The ~mal Radiative Control Surfaces
for Spacceraft," ILMSC-704014, Lockheed Missiles and Space Co,,
March 1961,
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B, COATINGS
1. SOLANW REVFLECTORS - WHITE PAINTS

A number of white paints have been developed which arce uiilized as
solar reflectors, A listing of some of the mmole common ones are presented
in Table 2. All of these ceatings, however, are degraded to different deprees
Ly the space euvironment. The primary damaging factors include UV radia -
tion, clectron and proton bombardment and nuclear radiation. The change in
solur absorptance (ns) of three commuon 2inc oxide pipmentad coatings, i.c.,
7.-93, 5-13 and S5-13G, as a result of exposure to ~arious environments are
summarized in Figure 10, The acce.crated degradation effect of the added
particle bombardment associated with high altitude/deep space environments
is indicated, The change in a, for a titanium dioxide basce paint (white
Thermatrol, Refs. 11 and 12) is shown in Figure 1. The higher deprada.

tion rate for the synchronous crbital altitude associated with the ATS-1 is

also illustrated here,

Of the white paints illustrated, 7.-93 is considered ta be the most stable,
The major problems with this coating are the difficulty of application, the
more complex curing process and case of soiling during preflight conditians.
Therefore, the use of the S-13, S-13G or the titanium dioxide base paint,
Dow Corning (DC-92-007) is prefe-able. Spectral reflectance data are pre -
scented for DC-92-007 and 5-13C on Figure 12 {Ref. A) and Figures 13 and 14,
fram Ref. 13, These data as noted are measured at angles at or near norn.al,
Reflectance data for PV-100 as utilized on the Nimbus and ERTS nrog

are shown in I'igure 15 from Ref. 14, However, a significant change in the

‘1Hu1tquist, A, E., et al, "Advanced Thermal Control Materials Develop-
ment,"" LMSC-A967871, Lockheed Missiles and Space Co., May 1970,

1ZI"c'rsonal Communication, Aerojet Flectro-Systems Co., Azusa, Calif.,

13 July 1973,

13Bair, M., et al,"Opticzal Properties of Satellite Materials, '{13r ¢ Copy),

Document No, 194100-6-F, Infrared and Opt:cs Division, En-” aental
Research Institute of Michigan, Ann Arbor, Mich., July 1973,

H personal communication, A. Fagles, Genural Electric Valley Farge space

Center, Philadelphia, Po., 2 Oct 1974 {(ERTS-I Surlface Coating Optical
Properties Test Data),

-25.




Table 2 White Paints Suitable for Spacecraft Thermal Control
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Carroil, W, 1',, "Mariner V Temperaturce Control Reference Design, Test
and Performance," JPL, Pasaderc, Calif. Paper presented at ATAA 314
Thermonhysics Conference, L, A., Calif., June 24-26, 1968,

16

Rittenhouse, J. B., et al, "Space Materials Handbook," NASA S17-3025,
Supplement 1, 1966,
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Figurc 15, Spectral Reflectance of PV-100 White Paint (Ref, 1)

directional reflectance would not be expected for these coatings at angles
less than about 50° since most nonconductors exhibit characteristics as

illustrated in Figure 16.

Inspection of results obtained by Schmidt and Eckert (Ref. 8) in Fig-
ure 16 shows that the directional emittance remains essentially uniforn: for
angles between 0° and 50°; then drops off quite rapidly to zero., This re-
lationship is, in general, in accord with that pred.cted by electromagnetic
theory. The relationship between 3F and €N is relatively comiplex, depend-
ing on the wavelength, refractive index and diclectric constant. In gencral,
II/e

indicated in Figurce 7. IFor analysis purposes, the dircctional emittance of

however, the ratio e N for nonconductors falls between 0,93 and 1,0 as

any of these white paints can be assumeced to follow the relationships typical

of those given in Figure 16 for nonconductors,
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Figure 16. Directional Emittance Data for Several Elcctrical
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2, FLAT REFLECTORS - ALUMINUM PAINTS

Materials which exhibit 1elatively flat wavelength characteristics are
typically referred to as flat reflectors. These properties are characterized

by aluminum paints,

Normal emittance characteristics of GE-D4D aluminum paint which is
extensively used on the Nimbus and ERTS vehicles arc presented in Figure 17.
These curves were plotted from raw laboratory data (Ref. 14) which yiclds
properties of @ =C.28, ¢ =0.27 and ¢y; = 0.28 (estimated) at room

temperature,

The normal spectral reflectance of a second aluminum paint is shown
in Figure 18 based on Ref. 6 before and after UV expesura, The initial prop-
erties of this aluminum paint (Rinshed-Mason) were computed as a, = 0.26,

ST 0.22. After 2000 hours of laboratory UV exposure, a_ degraded to 0,32

while €y @t Toom temperature is essentially unchanged.
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3. FLAT ABSORBERS
a. Black Paints

Representative coatings used as flat absorbers and their thermal
properties arc summarized in Table 3. In general, these classes of coatings
have been shown to be generally stable in the space environment, Directional
emittance for 3M Black Velvet paint is illustrated in Figure 19, The experi-
mental data shows that the directional eriittance is essentially uniform for
angles up to 45° from the normal, At greater angles, the emittance decreases
quite rapidly, No data are shown for angles greater than 80°, however, the
emittance would be expected to decrease sharply to zero, typical of the curves

presented on Figure 16,

Table 3. Representative Black Paints Used for Spacecraft
Thermal Control

Solar . .
e Developer or - Hemispherical n e
Designation Manufacturer Abs?;‘p)tanc'(‘ Emittance (EH\"‘ et
5

Chemglaze, Huphson 0.95 0,88 17
Z-306 Chemical
Black Velvet 3IM ¢.95 0,92 18
(401)
Black Kemacryl Sherwin- 0.93 0,88 4
Lacquer Willizms
{(M49RC. 12)
Black Siliconc W. P, Fuller 0.89 0.88 4
Paint (517-B-2)
Cat-a-lac flat Finch Paint & 0.85 0.90 18
black Chemical Co.

%
At room temperature

17

Personal communication, R, Wallace, Lockheed Missiles and Space Co.,
Sunnyvale, Calif. 10 Oct 1974,

8Personal communication, G. Borson, Aerospac~ Corp,, Materials Science
Laboratory, 5 Sept 1974,
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b. Black Anodized Aluminum

Anodized aluminum blackened by the use of commercially available
. dyes has beon preduced and tested for use as solar absorbers (Ref. 19).
Tests conducted therein have indicated that these surfaces experience only
negligible changes in thermal radiation characteristics when exposed to sim-
ulated space environment, Because the black paints typical of those identificd
in Table 3 are generally limited to temperatures on the order of 400°F, a black
anodized aluminum surface is ideal where a high temperature surface with a

high emittance and an aluminum substrate are required such as in the case of

19

Wade, W, R, and D. J, Progra, "Effects of Simulated Space Environment
on Thermal Radiation Proaerties of Selected Black Coatings,'' NASA
TN-D-4116, September 1967,




a nuclear reactor radiator, In addition, the organic-based black paints tend
to deteriorate more rapidly when expased to high intensity radiation in close

proximity to a nuclear reactor.

For this type of application, anodized aluminum blackened with an in-
organic dye, CoS (cobalt sulfide) has bren selected as a logical representa-
tive surface, The spectral reflectance for a black (CoS dyed) anodized alu-
minum surface is tllustrated in Figures 20 and 21 both prior and after expo-
sure to a simulated space environment, The environment is specified on the
subject figures, The sample used in these tests was 0, 125-inch thick com-

mercially pure aluminum 1100 sheet anodized under the following conditions:

Flectrolyie 15% sulfuric acid
Current Density 0.1775 ampores/cmz
Temperatnure 305°K

Time 120 minutes maximum

To produce the black coating, the pores formed on the aluminum surface by
the anodizinpg process are imprepgnated by the CoS dye. The initial surface
propertics prior to the radiation exposure were a_ = 0.957 and € = 0,93,
The properties changed only slightly after exposure., The thermal emittance
was obtained utilizing a heated cavity reflectomater (with the sample at

approximately 300°K) which vields the normal emittance (¢ The value

N
of 11 is estimated as 0,87 utilizing Figure 7,

C. CLEAR ANODIZED ALUNINUM

Bright polished aluminum surfaces which have been anodized provide
a basic solar reflector material which is relatively stable in the space envi-
ronment, Aluminum is an excellent reflecting material for radiation in all
parts of the spectrum, while the oxide film produced in the anodizing process

is transparent ir the visible region and relatively opaque in the IR region.

The normal emittance of this coating is a direct function of the aluminum
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oxidc layer thickness as illustrated in Figure 22, Thne offect of the oxide
layer thickness and temsperature on the hemispherical emittance and solar
absorptance is illustrated in Figure 23, The coating is relatively stable but
docs undergo an increase in solar absorptance which is caused primarily by
UV exposure, Laboratory and flight data sugpest that there is a significant
variability in the degradation characteristics from batch to bateh even when

an identical process is utilized,

Typical chanpges in @ bascd on Orbiting Astronomical Observatory
(OAQ) and Orbiting Salar Obseratory (050) flipht data, are shown in IMigure 24,
bascd on Ref, 20, The OAQO panels consisted of 1199 aluminum substrate with
the aluminum oxide layer estimated at 0,26 mils vwith an initial a, = 0.16,

Gy = 0.76, The thickness of the O50-H oxide layer is undefined.

The normal spectral reflectance of anodized aluminum as a function of

th- AIZO3 layer thickness is shown in Figure 25, from data in Ref. 2f,

D. OPTICAL SOl AR REFLECTORS (SFECOND SURIFACE MIRROP'S)

Vacuum depasited fitme of
uf

m

ilver or aluminum covered with a trans-
parent layer of sufficient thickness to achiceve the desjred high emittance pro-
vide an ideal thermmal control surface commonly referred to as OSR's. These
surfaces have shown excellent stability in both near earth and synchronous

altitude orbital flights,

A typical OSR consists of a film of vapor deposited silver (~1000 ang-
stroms) on a 6 mil fuscd silica facesheet with an overcoating of vapor de-

posited inconel metal which protects the silver from corrosion or damage

ZOFine, H., An Insight into the Features of the OAO Thermal Desipn, ASME

73_ENAs-46, 20 Aup 1973,

21Weavor, J. H., "Bright Anodized Coatings for Temp~rature Control of

Space Vehicles,' Plating, 51 (19), 1165-1172, December 1965,
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while being handled. These mirrors, approximately 1" X 1", are then applied
to a substrate generally with a silicone adhesive sveh as RTV 615, For ap-
nlication on curved surfaces, where the rigid mirrers are not ideal, the
inetallic {films ave deposited on flexible transparent films such as fluorinated

ethylene-propylene (FEP) Teflon, Kapton or Mylar,

Typical properties of rigid OSR's with 8 mii facesheels are summar -

ized in Table 4.

Table 4, Solar Absorptance and Hemispherical Emittance of Aluminum
and Silver Optical Solar Reflectors (Ref, 4)

OSR 1&\K1‘7§§aturc «, <4 as/t]]
Silver 260 0.050 0,744 0,067
360 0.050 0.800 0,063

460 0.050 0. R10 0.061

Aluminum 260 0.1'0 G. 800 0.125
360 0.10 0.810 0,124

460 0.10 0. 800 0.124

Norn.al spectral reflectance of a typical OSR with silver on 6 mil fused
silica is shown in TFigure 26, Directional spectral emittarce for an Aerojet
si'lver OSSR measuied at angles trom 07 to 30° is presented in Figures 27
and 28. T'lcxible OSR's utilizing Teflon or Mylar are produced with varving
thickness which strongly affects the emittance and to some extent tle solar
abeorptance., The spectral absorpance of silver coated Teflon is illustruted

in Figure 29 for varying thickness of Teflon, based on data irom Ref, 22.

22 . (o . . . . -
Linder, W., "Series Emittance Thermal Control Coatings,’ Proceedings
of the Joint Air Force-NASA Thermal Control Werking Group, 16, 17

August 1967, AFML-TR-68-198, Aug 1968.
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Figure 29. Spectral Absorptance of Silver Coated Teflon (Ref, 22)

The corresponding values for o and ¢y, and the ratio as/cN, as evaluated
by the original source, are also shown. An approximate ~urve {it to deter-
mine the € As @ function of thickness is shown on Figure 30. Normal srec-
tral reflectance of aluminized Mylar is presented in Figure 31, The reflec-
tance of a number of metallized Mylar films are compared in Figure 32, The
FEP Teflon films appear to be relatively stable, based on laboratory UV ex-

posures. A 5 mil thick, silvered Teflon specimen showed no detectable

degradation of a_ after 4600 hours of solar exposure in a 500 nmi orbit,
based on Ref. 4, Aluminized FEP Teflon (1 mil thick) flown on the deep
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space Mariner V, however, showed some degradation as shown in Figure 33
from data of Ref. 15, This is apparently due to particle bombardment which
is expected to far outweigh the degradation effects of UV exposure alone.
Aluminized Kapton, which is used in place of aluminized Teflon where higher
temperature requirements exist, is somewhat more sentitive to UV radiation,
Changes in reflectance following exposure to UV radiation are shown in

Figure 34,

E, SOLAR CELLS

Normal spectral reflectance for a Centralab silicon solar cell with a
6-mil fused silica facesheet is presented in Figure 35, The solar absorp-

tance (as) of thic specimen is 0.33., The corresponding value of €,y based on

a 70°F sample temperature is also 0. 83.
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Directional spectral emittance for Aerojet solar cells is presented in
Figures 36 and 37 measured at 373°K (100°C) and 200°K {.73°C), respec-
tively. Cover-glass thicknesses are not specified for the Aeroj~t cells,
Nominal cover glass thickness ordinarily ranges between 6 and 20 mils,
Degradation of solar cell conversion efficiency may vary significantly with
cover glass thickness and the specific orbit altitude and inclination. How-
ever, the solar absorptivity (afs) and hemispherical emittance (z”) are rela-
tively insensitive to cover glass thickness beyond about 6 mils and these

properties would not be expected to vary significantly,

Cell conversion efficiencies may degrade an order of 20 percent over
a three ycar period. However, since the initial conversion efficiency is on
the order of {0 percent, this degradation would represent only a 2 percent
increasc in absorbed thermal energy by the cells. The corresponding in-
crease in solar cell temperature would be about 3°F, Therefore, the accu-

racy of the data presented for solar cells should be more than sufficient for

utiliz«tion in satellite infrared signature studies.
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APPENDIX

SURTTACE RADIATION PROPERTILES FROM
ELECTROMAGNETIC THIEORY

To obtain accurate mnfrared signature s ol satellites in orbit, detailed
spectral and directional properties are required, These surface properties
are best obtained experimentally and to the extent available have been pre-
sented in this report for a selected number of materials and coatings,  How-
cver, in some cases, the experimental data are incomplete or insulficient
in scope or detail, In these cases, one may resort to physical models to
predict surface properties, cither empirically or through fundamental re-

lations, to supplement or replace experimental data,

A method of providing this capability to obtain directional surface
properties from hemispherical and normal emittance data using Fresnel
relations derived from electromaynetic theory is presented herein abstracted
from Ref. 23,

METHOD

Pasic electromapnetic theory predicts that directional surface
properties ave related to the optical constants defined by the complex index

of refraction, m:

B =n(1 - ik) (1)

where n and k are refraction index and absorption index, respectively.

and i = ~N-1

23’W. Fischer, Acrospace Corporation, personal communication, 17 Nov. 74,

Preceding page blank
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Dircctional emittance of non magnetic substances for uniformly

polarized, incident radiation is given in Ref, 3 by (2):
(o) -t - 1/2lp (0) ¢ o (0)] (2)

wheve

ry (0) and e (0) arc the dircectional reffectances parallel and

perpendicular to the plane of incidence, respectively.

and

el 2 )

p, (0) (P - cos )% + 0" [t s x5 o - p7)
2 b4

L mp+ cos 002 4 n [(1 1 k) o - pY)

and

(nY - (‘g'sO
pl (0) —

2 .

) + (14 k%) - 'yZJ

5 (4)
«a V5 2 2 2

COs O) tn “1 tk7) -y ]

ny 1

0 is the polar angle of incidence relative to the surface normal and o, R, and

y are defined by:

2

’ . 2 .2
02 = |1+ (__251n 0 > )] - 4 _ l’ zsm 0 > (5)
n® (L + k5 /] (1 k%) [n° (1 + K5

2 (14 kz) 1 - kz sinZO
ﬁ = - ) . > - 2— T 1 a (())
v+ k n (14 k)




2 . t/2
e o (LRSS R ()
(1 +k7) (14 k)

Normal emittance is obtained for the case where 8 = 0 ard is g ven by

“4n
€0 = 5 (8)
N (n+1)"+nzk2

Hemispherical emittance is calculated by integrating divectioral emittance

over half space.

1

. :..{ <(0) d (sin’ o) (9)

Cften only hemispherical and normal emitance data arce preseuted in
tables ot experimental data. To obtain values for optical constants, n and k,
which correspond to values of I and N Egn (8, and kEqn (9) nwust be solved
simultancously. Sclution to these expressions is a formidable task and

numerical techniques are amployed to obtain values for n and k.

For perfect dielectrics, absorption indesx, k, is zero. Thus cither
refraction index, n, or hemispherical ermittance, € OF normal emittance

T w1l' uniquely define dielectric surface propertics.
1

Expressions for normal emittance and hemispherical emittance

sirmplify to

"N = 4n

(10}

(n+ 1)




and

(3n + 1)(n - 1) r-2 (nz— 1‘2 n- 1
G Ve A 3 1“( 41)
6 (n+ 1) (n 1 1) ’
3 2 ) 4 4
;2o {n % 2n - 1) En" (n 1+ 1) In (n) (11

(n2 + 1)(n4 - 1) (TZ + 1)(n4 - 1)

Often only hemispherical emittance or normal emittance values are
provided for diclectrics. If normal emittance is provided, a simple solution
for refraction index, n, results. Conversely, the solution for refractive
index, n, becomes more involved when only hemispherical emittance is pre-
sented.  Using the Newton Raphson method (Ref. 24) a value for n may be

quickly obtained,

"mi1 "m 8t”
an

m

If experimental data are not available to provide spectral or tctal
craittance property values, empirical models, semi-empirical models, or
classical mechanical models may be employed, Selectivw ot an appropriate
model to evaluate surface properties often depends upon the spectral range
vver which data are reguived or availability of model parameter valuves. Care
should be exercised to apply models over applicable spectral and temperature

ranges and to use the most accurate source of data available.

a
Traub, J. F.. Herative Mcthods for the Solution of Equations, Prentice-

I1all Inc., Engl:wood Cliffs, N. J., 1964, pp. 221-224.
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ACRONYMS AND SYMBOLS

symbol for the element aluminum
Applications Technology Satellitc
Earth Resources Technology Satellite
equivalent sun hours

integrated exposure of elecirons per square centimeter of
surface area

fluorinated ethylene propylene
Orbiting Astronomical Observatory
Orbiting Solar Obs:rvatory

optical solar reflector

symbol for the element tin
temperature, the scale as defined
symbol for the element titanium
symbol for the el2ment vanadium

absorptance, the ratic of the absorbed radiant flux to the
incident flux

emittance, ratio of the radiant emission of a surface to that
emitted by a blackbody radiator and the same temperature
and wavelength

reflectance, ratio of reflected radiant flux to the incident
flux

the angle measvred from the normal to a surface to describe
the directional location of the viewer and incident ray,
reaspectively

the azimuth angle to describe the orientation of the viewer
with respect to the in ‘ident ray as measured in the plane of
the surface




Subscripts

N

H

conditions for incidence or viewing through an angle 6 that is
essentially normal io the surface

conditions for incidence or viewing over a hemigpherical
region, i,e,, 2m steradians of the surface

laving the wavelength distribution of the sun. When used in
conjunction with a the spectral absorptance ot the specimen
has been integrated over the wavelength distribution of the
sun.

signifies total. When used in conjunction with @ or € it repre-
sents integration over all wavelengths from 0 to infinity

wavelength or a narrow band of wavelengths

the angle measured from the normal to the surface defining
the geometric conditions of viewing




